Abstract-Three-dimensional poly(L-lactic acid) (PLLA) scaffolds with high porosity and an average pore size of 280-450 µm were fabricated using gelatin particles as porogen. The particles were bonded together by incubation in saturated water vapor at 70 • C for 3.5 h. After casting the PLLA/1,4-dioxane solution, freeze-drying and porogen leaching with 70 • C water, a porous scaffold with well-interconnected pores and some nano-fibers was obtained. The biological performance of the scaffold was evaluated by in vitro chondrocyte culture and in vivo implantation. In comparison with the control scaffold fabricated with NaCl particles as porogen under the same conditions, the experimental scaffold had better biological performance because the gelatin molecules were stably entrapped onto the pore surfaces. A larger number of cells in the experimental scaffold were observed by confocal laser scanning microscopy after the viable cells had been stained with fluorescein diacetate. The chondrocytes showed more spreading morphology. Higher cytoviability and secretion of glycosaminoglycan (GAG) were also determined in the experimental scaffold. After implantation of the chondrocytes/PLLA scaffold construct to the subcutaneous dorsum of nude mice for 30-120 days, cartilage-like specimens were harvested. Histological examination showed that the regenerated cartilages had a large quantity of collagen and GAG.
INTRODUCTION
Tissue engineering and regenerative medicine techniques have shown great promise in regeneration of damaged or lost tissues or organs. Since many techniques are involved in obtaining artificial alternatives, knowledge of interdisciplinary and multidisciplinary fields such as materials science, chemistry and biological science is required [1 -3] . In particular, it is critically important for tissue engineering to design and fabricate porous scaffolds to mimic the extracellular matrices (ECMs) and to support three-dimensional tissue formation in vitro and in vivo [4] .
Several techniques such as phase separation [5, 6] , porogen leaching [7, 8] , foaming [9] , fiber processing [10] and 3D micro-printing [11] have been developed to produce porous polymer scaffolds, among which the porogen leaching has the advantages of easy operation and accurately controlling pore size and porosity. Different kinds of particles such as inorganic and organic crystals and paraffin spheres have been employed as porogens. Yet the often-argued question is the potential side-effect of some porogens such as sodium chloride, because the porogens are hardly ever removed completely due to their embedment in the polymer matrix and insufficient leaching. These shortcomings can be avoided by using gelatin particles as porogen [12, 13] . Gelatin is a denaturation product of collagen. It contains bioactive sequences, such as RGD peptide, that can enhance positive cell-material interaction. Indeed, gelatin has been widely used as a scaffolding material [14, 15] . Therefore, in contrast to their counterparts, gelatin particles are not necessarily to be completely leached off. The remained gelatin will not bring any side effect, but instead is of beneficial to cell infiltration and proliferation in the resulting scaffolds.
In our scaffold fabrication process, the gelatin particles were firstly bonded together to form a three-dimensional assembly through a water vapor treatment to ensure the sufficient interconnectivity between pores. Following polymer solution casting and porogen leaching with water, porous scaffolds can be obtained. In this study, the porous PLLA scaffolds fabricated by this strategy will be used as the substrates for chondrocyte culture in vitro and in vivo. A systematical assessment is then performed in terms of histological and biochemical performance of the constructs. From these experiments, the advantages of the as-prepared scaffolds will be illustrated.
MATERIALS AND METHODS

Materials
Poly(L-lactic acid) (PLLA, M n = 99 × 10 3 , M w = 212 × 10 3 ) was synthesized using the method described previously [16] . Gelatin and 1,4-dioxane were obtained from Shanghai Chemical Industries. A 10% (w/v) PLLA/1,4-dioxane solution was prepared for further use.
Scaffold preparation
The PLLA scaffold was manufactured using a modified porogen leaching method [12] . Gelatin particles (280-450 µm) sieved from raw gelatin were used without further treatment. The gelatin particles were filled into a glass column mold (H = 20 mm, D = 22 mm) with a height of 3-4 mm, which were then bonded together to form a tablet by water vapor treatment at 70
• C for 3.5 h. The tablet was immerged into 10% (w/v) PLLA/1,4-dioxane solution. After sufficient infiltration of the polymer solution, the composite was freeze-dried (freeze temperature -20
• C). The solid mixture was treated with water to remove the gelatin particles to obtain the scaffold. As a control, NaCl particles with the same size and the same volume fraction as that of the gelatin particles were also utilized as porogen to fabricate a PLLA scaffold via the same procedure. For cell culture and implantation, the scaffold tablet was cut into small pieces with a dimension of 8 mm × 5 mm × 3 mm.
SEM observation
The scaffolds were cut into pieces with a razor blade. These pieces were coated with a thin gold layer under a pressure of 50 mTorr for 180 s. The microstructure of the scaffolds was then observed by scanning electron microscopy (SEM, Jeol JSM-5510LV).
Determination of the residual gelatin and collagen content in the scaffolds
The remained gelatin within the scaffold was derived from the weight loss of the porogen/polymer composite during the first 8.5 h of leaching. The residual gelatin content in the scaffold and the collagen amount in the cell/scaffold construct after in vivo culture was determined indirectly by measuring the hydroxyproline content after the scaffolds were completely hydrolyzed in 6 M HCl at 115
• C for 18 h. The hydrolyzed products were then reacted with p-dimethylaminobenzaldehyde and chloramine-T to result in colored products, whose maximum absorbance (550 nm) was recorded by a spectrophotometer (UV-2450, Shimadzu) [17 -19] . By referring to a calibration curve of gelatin or collagen, the gelatin or collagen content was then obtained. The released gelatin percentage was defined as ((W 0 − W t )/W 0 ) × 100%, where W t is the residual gelatin content within the scaffold and W 0 is the initial weight of the gelatin particles.
Cell culture in vitro
Chondrocytes were isolated from rabbit ears (New Zealand rabbit; the rabbits were killed under the institutional ethical guidelines) by digesting the cartilage chips with 0.2% collagenase II (Sigma) and cultured in F-12 HAM's supplemented with 20% fetal calf serum (FBS), 300 mg/l glutamine, 50 mg/l vitamin C, 100 U/ml penicillin and 100 U/ml streptomycin. The cell suspension was then seeded into 11-cm tissue-culture dishes (Falcon, seeding density 2 × 10 4 cells/cm 2 ) and incubated at a humidified atmosphere of 95% air/5% CO 2 at 37
• C. After a confluent cell layer was formed (3-4 days), the cells were detached using 0.25% trypsin in PBS, resuspended in the supplemented culture medium as described above and used for the experiments.
Before cell seeding, the scaffold was sterilized in 75 vol% ethanol for 8 h and then incubated in PBS for 1 day to displace the ethanol. 1 ml chondrocyte suspension (2 × 10 6 cells/ml) was dropped directly onto the scaffold surface using a syringe. As a control, a PLLA scaffold prepared with NaCl as porogen was also seeded, at the same density as the chondrocyte. Since the volume of each scaffold is −0.12 cm 3 , each scaffold can only have about 0.12 cm 3 chondrocyte suspension and the maximum theoretical cell density in the scaffold is 2 × 10 6 cells/cm 3 , i.e., the seeding density. Actually, the real cell density is always much lower than the seeding density (about 20-30% of the seeding density) because of insufficient cell infiltration, cell death in the processes of trypsinization and cell implantation, cell leakage from the scaffold, and so on.
Cell distribution and morphology observation
To observe the cell distribution under confocal laser scanning microscopy (CLSM, Bio-Rad Radiance 2100), the cell-containing scaffold was taken out from the culture plate and rinsed with PBS gently. Then 5 µg/ml fluorescein diacetate (FDA)/PBS solution was slowly injected into the scaffold. After incubation for 10 min the scaffold was cut into several parts. By this fluorescent staining, only the viable cells in the scaffold can be visualized under CLSM [20] . To observe morphology of the chondrocytes, the samples were fixed with 2.5% glutaraldehyde solution at 4
• C for 1 h, then were sequentially dehydrated in 75% and 95% aqueous ethanol solution, each for 15 min. They were further dehydrated 2 times in absolute ethanol, once in acetone and once in isoamylacetate, each for 15 min. The samples were put in a pressure chamber with liquid CO 2 , and the CO 2 was vaporized at a temperature above its critical point. The dried samples were coated with Au by a sputter coater and examined by SEM (Stereoscan 260, Cambridge).
Cell viability measured by MTT assay
The cell viability was assayed after the cells/scaffold construct was cultured for 3-28 d. The cells/scaffold construct was cut into small pieces and a MTT (3-(4,5-dimethyl) thiazol-2-yl-2,5-dimethyl tetrazolium bromide, 5 mg/ml) solution was added into the construct pieces. After continuously cultured for 4 h, dimethyl sulfoxide was added to dissolve the formazan pigment. The mixture was centrifuged at 10 000 rpm for 10 min. Absorbance of the supernatant at 570 nm was recorded by a microplate reader (Bio-Rad 550).
GAG detection
Alcian Blue dye was employed to measure the sulfated glycosaminoglycan (GAG) content in the construct [21] . The construct was cut into small pieces, which were dispersed in 2 ml 1% papain solution (w/v, with 0.09% disodium ethylenediaminetetraacetic acid (EDTA) and 0.04% cysteine as the solvent) before being maintained at 37
• C for 24 h. 2 ml Alcian Blue 8GX (Sigma-Aldrich, approx. 1.4 mg/ml, dissolved in 0.1 mol/l sodium acetate) was then added into the mixture. After 10 min, absorbance at 480 nm was measured by UV-Vis spectroscopy. Content of the GAG secreted by the chondrocytes in the construct was determined by referring to a calibration curve of chondroitin sulfate.
Implantation in vivo
The chondrocytes/scaffold constructs were transplanted subcutaneously in the dorsum of athymic nude mice after they were in vitro cultured for 7 days. Based on our previous in vivo results that chondrocytes cultured in the normal PLLA porous scaffolds showed fibrous morphology with smaller secretion of GAG [22] , and also the present in vitro results (Figs 3-5) , here only the PLLA scaffolds prepared via the gelatin-particle-leaching method were further evaluated by the in vivo animal test. This is beneficial in reducing the number of animals used. The cell number in the constructs was derived from the DNA amount (7.7 pg DNA/cell) using a Hoechst 33258 dye (Sigma) assay [13, 22] . Hoechst 33258 is a bis-benzimide derivative that binds to the AT-rich regions of double stranded DNA, which is excited in near UV (350 nm) and emits in blue region (450 nm). Samples were frozen at −20
• C for 2 h, lyophilized for 24 h and digested with 1 ml papain (1% (w/v), with 0.09% EDTA as solvent) per sample. Shortly after 100 µl papain-digested solution was added into 2 ml Hoechst 33258 solution (1 µg/ml), fluorescence intensity at 450 nm was measured by a fluorescent spectrophotometer (RF-5301PC, Shimadzu). The DNA content in the samples was determined by referring to a calibration curve of standard DNA.
The athymic nude mice were purchased from Shanghai China for animal experiments. Athymic male mice were obtained at 5 weeks and acclimated for 1 week before use. The nude mice were sacrificed under the institutional ethical guidelines and the constructs were harvested. Samples for histological examination were fixed in neutral buffered formalin, embedded in paraffin and sectioned in cross-section through the center of the implant (5 µm thick sections). The cross sections were routinely stained with hematoxylin and eosin, Masson's trichrome stain (green stain for collagen) [23] and Alcian Blue (blue stain for GAG) [24] . The sections were also used for the immunostaining of collagen type II by collagen type II antibody (PV-9000, Poly-HRP anti-Mouse/Rabbit IgG Detection system, Beijing Zhongshan Biotechnology). The samples were immersed in PBS containing 3% H 2 O 2 at 25
• C for 10 min to block non-specific reactions. Subsequently, the sections were incubated in anti-collagen type-II antibody working dilution at 4
• C overnight. After washing with PBS 3 times, the samples were incubated in anti-rabbit IgG antibody working dilution at 37
• C for 20-30 min. Finally, the samples were incubated in 3,3 -diaminobenzidine tetrahydrochloride (DAB) solution (0.5 mg/ml, with 0.01% H 2 O 2 and Tris-HCl buffer solution as the solvent, pH 7.6) after the anti-rabbit IgG antibody working dilution was removed by PBS. Then the samples were incubated in hematoxylin solution. Finally collagen type II was stained brown and the basophilic mucus and polyglycan around the chondrocytes were stained purple.
Statistical analysis
Data were analyzed using ANOVA. The significance level was set as P < 0.05. Results are reported as mean ± standard deviation.
RESULTS AND DISCUSSION
For chondrogenesis in a tissue engineering way, the scaffolds should have a suitable pore size, good interconnectivity and cytocompatibility to facilitate cell infiltration and to guide tissue regeneration in all three dimensions. Here we introduced gelatin particles as cytocompatible porogen that can simultaneously control the pore size and provide good cytocompatibility. Based on the previous results [8, 25] , here gelatin particles with a size of 280-450 µm were chosen (Fig. 1a) . The particles in a mold were integrated into a 3-dimensional assembly (Fig. 1b) by treatment with saturated water vapor, which can partially swell the gelatin particles and facilitate the binding. This pre-integration can ensure a sufficient 3-dimensional connection since the particles are a replica of the pores after they are leached out. As shown in Fig. 1c , the produced PLLA scaffolds have a well-interconnected pore structure and pre-designed pore size (280-450 µm) and shape. Apparent density and porosity of the scaffolds are approx. 0.065 g/cm 3 and >94% (for the methods detecting these parameters, see Ref. [12] ), respectively. In the pore walls, a large number of pores with a size of 10-30 µm and fibrous structures with a size of 100 nm (Fig. 1d) are also visible, which should be produced by the freeze-drying process. During this process, the PLLA/dioxane solution undergoes a phase-separation process after the temperature decreases below the critical point (T c ), i.e., from a complete miscible state to a phase-separated state. This thermally-induced phase separation (TIPS) produces a polymer-rich phase at a relatively faster rate, which will then create the fine structures after solvent removal [5, 8, 26 -28] . Of course the interpenetration of gelatin molecules may also contribute to these fine structures (see discussion below). These multi-scale pores and fibers may endow the scaffolds with a more biomimetic structure that is not only beneficial of cell infiltration and mass transportation but also stimulates cell proliferation and extracellular matrix (ECM) secretion [3, 29 -31] . Using NaCl particles as the porogen, PLLA scaffolds with a similar microstructure were also prepared, except for the slight difference in pore shape, which is pre-designed by the porogen (Fig. 1e, f) . Different from other porogens, the residual gelatin molecules will not have sideeffects on cells, but instead can promote the cell growth. The gelatin-leaching process and the gelatin content remaining in the scaffold are shown in Fig. 2 . The gelatin leaching rate was very fast at the initial stage, and then leveled off after 10 h. At this stage more than 99.5% gelatin had leached. Correspondingly, the remaining gelatin content within the scaffold decreased faster initially, and then remained constant after 10 h. Final gelatin content is about 117.6 mg/g scaffold. The stability of the incorporated gelatin should be driven by a mechanism of so called 'physical entrapment', which occurs during the PLLA/dioxane solution casting [32, 33] . Both the gelatin assembly and the dioxane solvent may contain water. As a result, the solvent in the interface between the gelatin particles and the polymer solution is more likely a mixture of water and dioxane, which facilitates the interpenetration of gelatin and PLLA molecules. After solidification, the gelatin molecules are then physically entrapped on the surface of the PLLA matrix.
Chondrocyte culture was performed to assess the cell behaviors in the scaffold. Previous works have demonstrated that adhesion and spreading of chondrocytes can be significantly improved by coating gelatin on a plain PLLA surface [34, 35] . Figure 3 shows the CLSM images of chondrocytes in the scaffolds prepared using NaCl (control) or gelatin particles as the porogens (experimental). After being cultured in vitro for 7 days, the chondrocytes in the control scaffold were small, round and easy to accumulate with each other to form cell clusters (Fig. 3a, b) . In particular, most of the chondrocytes resided on the top and bottom of the scaffold, and only a few cells had invaded and proliferated inside the scaffold. The hydrophobic surface without positive cell-material interaction is disadvantageous of cell invasion and proliferation. In contrast, in the experimental scaffold, the chondrocytes adhered and spread well, and were distributed evenly through the entire scaffold (Fig. 3e, f) . When the culture was extended to 28 days, abundant cells were found with uniform distribution (Fig. 3g, h) . However, the cell numbers on both the surface and interior of the control scaffold increased very limitedly. These primary results demonstrate that the PLLA scaffold prepared via the gelatin porogen leaching can effectively support chondrocyte attachment and proliferation.
A similar conclusion can be drawn from the SEM images (Fig. 4) . In the control scaffold the cell size was rather small and almost no cell spreading was observed (Fig. 4a) . The chondrocytes aggregated mainly on the scaffold surface and few cells could be found in the scaffold interior (Fig. 4b) . In comparison, in the experimental scaffold a larger number of cells were found and the chondrocytes spread well on the scaffold surface (Fig. 4c, d) . Visible pseudopods are shown to grasp tightly to the polymer scaffold (Fig. 4c, d ). It is known that the cell shape is important for growth, function, and even survival of the anchor-dependent cells, and affects gene expression, differentiation and extracellular matrix production [36 -39] .
The cell growth behaviors were further determined by MTT assay and glycosaminoglycan (GAG) secretion. Figure 5 shows that both the chondrocyte viability and GAG secretion increased with increasing culture time. Compared with the control sample, the cytoviability in the experimental scaffold was always higher at each time point (P < 0.05). After 7 days culture, the GAG content in the experimental scaffold was significantly higher than that in the control. After 28 days culture, however, the values were very close. GAG is a kind of polysaccharide that is easily soluble in water. Therefore, the cell-secreted GAG may be released into the cell-culture medium [22, 40] . Nevertheless, taking into account all the in vitro cell-culture results, one can still conclude that the scaffold prepared by gelatinparticle-leaching can provide a more biocompatible environment for chondrocytes to maintain their normal proliferation and metabolism properties. Gelatin porogen leaching realizes the surface modification simultaneously, avoiding the shortages of classical porogens, such as the negative effects of the residual porogens. Compared with other attempts on surface modification such as surface coating, grafting and self-assembly [41 -43] , this in situ method is very convenient and effective.
To examine the chondrogenesis in vivo, the chondrocytes/scaffold constructs (cell density determined by the DNA assay was about 1 × 10 6 cells/cm 3 ) were transplanted subcutaneously into the dorsum of athymic nude mice. The implants were harvested after 30 and 120 days. They were surrounded by thin vascular capsules and were easily dissected from the subcutaneous tissues. No evidence of superficial infection or fistula formation was demonstrated in the experimental mice. Table 1 summarizes the collagen and GAG content in the experimental constructs and natural cartilage. The amounts of secreted collagen and GAG by the chondrocytes in the constructs after 120 days implantation were significantly higher than that after 30 days implantation (P < 0.05), although the absolute values are still lower than that of the natural cartilage. The specimens were stained by hematoxylin and eosin. Chondrocytes in their natural round morphology after 30 days implantation were found in the experimental constructs (Fig. 6a) . The matrix surrounding the chondrocytes was stained purple because of the basophilic mucus and polyglycan, which is similar to the condition of nature hyaline cartilage. As a result of removal of the PLLA during the staining process, some small gaps are found in Fig. 6a as pointed out by the arrows (Fig. 6a, P) . After 120 days implantation, the purple color was more significant (Fig. 6b) , demonstrating that ECM amount is increased. Histological staining for cartilaginous ECM of collagen by Masson's trichrome stain revealed a mass of collagen surrounded the chondrocytes (Fig. 6c) . Alcian Blue staining suggests that GAG was secreted surrounding the chondrocytes and a new matrix was formed with integration of the collagen (Fig. 6d) . In addition, the P area was decreased possibly due to the polymer degradation, while some obvious cell-lack regions comprising only ECM appeared in Fig. 6b as pointed out by the C arrows. These regions possibly correspond to the initially existing PLLA scaffolds, whose degradation may produce vacancies which are then filled by the secretion products of the chondrocytes. Collagen type-II immunohistochemical staining proves this suggestion. Figure 6e shows that collagen type-II was distributed all over the cross-section, but aggregated in these regions (Fig. 6f) . As it is well known, the mitosis ability of chondrocytes decreases and becomes very weak when the cells maturate. Hence, when some new defects in the construct are produced by the PLLA degradation, the mature chondrocytes cannot migrate from the anchored position to repair these defects. Instead, the gaps can be only filled by the secreted products, mostly collagen type II, since no GAG is found by the immunohistochemical staining. This phenomenon is very similar to the results of Furukawa et al. in cartilage resurfacing experimental defects in the rabbit knee [44] . These investigators found that the amount of collagen type II in the self-repaired cartilage after 12 weeks was higher than that of the normal cartilage, but the hexosamine was decreased, indicating that the cartilage fibrosis is mainly caused by the lack of proteoglycan. In our case, the gaps in the newly formed tissue were filled with only collagen type II with lack of GAG. This result reminds us that degradation of the polymer scaffold is very important and must match the regeneration of the tissues. Indeed, previous studies have revealed that some enzymes, such as proteinase K and lipase PS, in vivo can mediate and expedite the degradation of PLLA, especially for release of the degradation Blue staining of GAG and immunohistochemical staining of collagen type II (brown) without hematoxylin staining (e) and with hematoxylin staining (f). P indicates the original PLLA which was removed during the staining process and C indicates the area of cell secretion products without chondrocytes. Original magnification ×100. This figure is published in colour at http://www.ingenta.com products [45] . Nonetheless, the gelatin porogen leaching method allows more selection of cellular matrix compared with other fabrication methods. Thus, a scaffold with positive cell interaction and suitable degradation period matching the new tissue regeneration can be obtained by optimizing the materials.
